AIm: This study aimed to investigate the microsurgical anatomy of perforating arteries in the hypothalamic area, which are associated with diabetes insipidus. mATErIAl and mEThOds: A total of 20 adult cadaver heads soaked in formalin were infused with red latex through the carotid artery and vertebral artery, and supplementary perfusion was performed after 1 day.
INTRODUCTION
The saddle area and hypothalamic region are predilection sites for tumours and vascular lesions. The microsurgical anatomy of the nerves and blood vessels for this region should be mastered whether the surgery is performed through the wing points, under the forehead or the nose to prevent serious complications (7, 9, 15) . Diabetes insipidus is among the surgical complications that are difficult to manage. We studied the relevant anatomy to provide a theoretical basis for preventing the occurrence of diabetes insipidus during and after surgery. This issue was first reported by Rhoton in 1977 (14) , followed by Krisht, Vutskits and Reisth et al., who provided a detailed description of the blood vessels in the region (10, 13, 22) . The present study focuses on human subjects in China. The hypothalamic area includes several structures, such as the anterior hypothalamus, pituitary stalk and pituitary. These structures are commonly affected by serious complications, such as postoperative diabetes insipidus and electrolyte imbalance. Neural structures in the hypothalamic area include the following: the supraoptic nucleus and paraventricular nucleus anterior to the hypothalamus; pituitary stalk; and the neurohypophysis, which secretes and releases vasopressin (AVP), brain natriuretic peptide (BNP) and atrial natriuretic peptide (ANP). AVP, BNP and ANP are important neuropeptides that regulate water and electrolyte imbalances. Any disturbance in the blood supply of the hypothalamus, pituitary stalk and neurohypophysis results in central diabetes insipidus and electrolyte imbalance after surgery (1, 11) . We examined 20 adult brain specimens to understand the microsurgical anatomy of blood supply to the hypothalamus, pituitary stalk and neurohypophysis. Results can be used as a basis for surgery on this anatomical region to minimise the occurrence of water and sodium metabolic disorders from post-operative vascular injury.
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MATERIAL and METHODS
Subjects
A total of 20 adult human heads were obtained from formalinfixed corpses in the Dissection Laboratory of the Medical College of Qingdao University, Shandong, China.
Microsurgical Anatomy
Red latex was perfused through the internal carotid artery (ICA), and the skull cap was removed after solidification. The perforating arteries from the clinoid segment of the ICA and Circle of Willis distributed in the bottom of the third ventricle, pituitary stalk and neurohypophysis were dissected under a 6× to 16× surgical microscope (Germany Leica M520) with auxiliary microsurgical instruments. The origin, course and distribution of these perforating arteries were determined.
Data Measurement
The diameter and length of the blood vessels were measured using a micrometer caliper with an accuracy of 0.02 mm.
Statistical Analysis
The obtained data were analysed using a two-sample t test.
The measured values are presented as \ ±s, and differences with p > 0.05 were considered significant.
RESULTS
General Situation
The supraoptic and paraventricular nuclei of the hypothalamus occur in pairs in the third ventricle of the anterolateral wall, and these nuclei synthesise and transport AVP to the posterior pituitary through the stalk for storage and release in this area (1) . The perforating arteries were divided into three parts based on the respective origins of the vessels in the zone, namely, the hypothalamus, pituitary stalk and neurohypophysis: the former group comprised perforating arteries from the communicating arteries anterior to the front of the third ventricle; the outside group comprised perforating arteries that originate from the posterior communicating artery (PCoA, the superior hypophyseal artery); and the below group comprised perforating arteries that supply the neurohypophysis from the inferior hypophyseal arteries (Figure 1 ).
Former Group
The former group comprised the perforating arteries close to the communicating arteries located anterior to the third ventricle. The perforating branches of the hypothalamic arteries originate from the anterior communicating artery (ACoA). The perforating branches start from the anterior cerebral artery (ACA) and ACoA, and terminate in the entire front wall of the third ventricle and adjacent hypothalamus. Most of the hypothalamic perforating branches comprised one to six arteries (average of 3.2 arteries) from the posterior or posteroinferior wall of the ACA and ACoA. The vessel diameter was 0.18 ± 0.11 mm (ranging from 0.1 mm to 0.3 mm). A total of 12% of the arteries started from one side of the ACoA to supply the anterior wall of both sides of the third ventricle. The hypothalamic branch corresponded to the posterior branch of the callosum, and these branches jointly supplied the anterior hypothalamus. The recurrent artery of Heubner, a unique artery with a diameter of 1.2 ± 0.9 mm (ranging from 0.2 mm to 0.8 mm), originated from the ACA. The recurrent arteries that originated from the A2 segment, A1 segment and ACoA level accounted for 76.8%, 14% and 9.2% of the arteries present, respectively. The arteries only visible on one side accounted for 73% of the total number of arteries, whereas those present on two sides accounted for 8%. The average number of branches for the returning artery was 4.2 ± 3 (ranging from two to seven branches) ( Figure  2A ,B). The returning artery seldom supplied the anterior hypothalamus.
Outside Group
The outside group comprised the perforating arteries that originated from the outside of the third ventricles, pituitary stalk and two blood supply regions (1) . The blood supply of the third ventricle was mainly from the perforating arteries that originated from the lower part of the PCoA. Up to 17 of the 20 head specimens had a PCoA from the ICA, and three specimens had hypoplastic PCoA in one side and a naive PCoA in the other side. PCoA formed the external Circle of 
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Willis. A total of 4 to 11 branches (average of 6.4 branches) were distributed along the path of the PCoA in this group. The diameter ranged from 0.3 mm to 2.1 mm, with an average of 1.7 mm. A total of 73% of the PCoA branches terminated between the mammillary body and optic tract (premammillary area); thus, the artery is called the premammillary artery. A set of small central arteries that originated from the PCoA and perforating branches near the PCoA entered the bottom of the third ventricle of the brain between the foot and optic chiasm to reach the thalamus, hypothalamus, base of the thalamus and internal capsule ( Figure 2C ). The perforating arteries in the distal segment of the PCoA mainly supplied the hypothalamic core (2) . The superior hypophyseal artery, which supplied the pituitary stalk, originated from the upper segment of the ICA. Each of the 40 sides in this group had one to four hypophyseal arteries (average of 1.3 ± 0.77 branches) and a diameter of 0.38 ± 0.11 mm. The arteries originated from the lower interior wall of the ophthalmic artery segment of the ICA clinoid segment (78%), inner wall (16%) and lower wall (6%). Most of the specimens had one hypophyseal artery. The former group: During clipping of the ACoA aneurysm, many neurosurgeons ignore the penetrating vessels radiating from the ACoA. Yasargil et al. named these vessels "hypothalamic arteries, " which perfuse the preoptic area of the funnel, optic chiasma, lower part of the callosum and hypothalamus (24). Crowell and Morawetz et al. reported that perforating arteries from the ACA are common (3). However, the number, diameter, starting location, area and blood supply of these vessels, especially their classification and nomenclature, remain controversial. We support the view of Serizawa (17), who observed that these perforating arteries are divided into three groups according to the blood supply area: the inferior branch of the callosum; hypothalamic branch and chiasm branches. The diameter, number and starting position of these vessels vary. These perforating arteries may limit surgery when performed via the interhemispheric approach, in which the hypothalamus branch mainly supplies the front of the third ventricle. Occlusion of these arteries during surgery causes ischemia of the supraoptic nucleus and paraventricular nucleus in the anterior wall of the third ventricle, thereby resulting in blood supply disorders and central diabetes insipidus. The lower branch of the callosum is one of the thickest among the arteries that terminate at both sides of the lower part of the callosum and anterior hypothalamus. Occasionally, the lower branch of the callosum becomes a major blood vessel of the anterior hypothalamus. These perforating branches are easily damaged during surgical clipping in the direction of the rear or back at the top of the ACoA aneurysm. To avoid damaging these vessels during surgery, the following precautions are necessary: 1) remember that the hypothalamic branch can start from one side of the ACoA and terminate in the contralateral anterior hypothalamus; 2) the lower branch of the callosum occasionally supplies the anterior hypothalamus, even bilaterally, indicating that these perforating arteries should not be ignored during surgery; and 3) all ACoAs, regardless of their vessel diameters, can have perforating branches. Heubner's arteries originating from the ACA often perfuse the supraoptic and paraventricular nuclei (20) .
The perforating arteries from the lower part of the hypothalamus are mainly from the PCoA and anterior artery of the mammillary bodies (19) . In specimens of the embryonic PCoA, the appearance of the mammillary artery indicates the diameter of the artery. Agenesis of one side of the PCoA resulted in the perfusion of the perforating branches from the ICA and vascular cerebral artery into the hypothalamus and mammillary region. Hypophyseal arteries belong to a small group originating from the lateral wall of the ophthalmic part of the ICA clinoid segment and medial wall, which reportedly contains two to five branches (2, 4) (one to four branches in the present study). The hypophyseal artery went in the direction of the posterosuperior space and inside the space in multiple directions, branching in the subarachnoid space under the optic chiasma and pituitary stalk and joining the contralateral arteries with the same name to form a collar-like clump around the upper segment of the Several other arteries accompanied the branches of the optic chiasm and optic nerve, distributed into the periphery of the pituitary stalk and funnel and formed the funnel-like peripheral arterial ring with the corresponding arteries. Radiating branches were distributed in the pituitary stalk, anterior lobe of the pituitary funnel and hypothalamic funnel area ( Figure 2C ).
Below Group
The below group originated from the outside of the third ventricle and pituitary stalk. The emergence of the inferior hypophyseal arteries in this group was 100%, among which 67.5% radiated from the meningeal pituitary branches in the bend after the ICA cavernous segment, 20% jointly radiated with the tentorial meningeal artery and dorsal artery of meninges and 12.5% radiated as a single branch. The average diameter of the inferior hypophyseal artery was 0.66 ± 0.19 mm (ranging from 0.30 mm to 1.02 mm). The main trunk, which had an average length of 7.99 ± 3.94 mm (ranging from 2.20 mm to 15.71 mm), entered the anteriomedialis, bypassing the rear inner wall of the ascending portion for the ICA cavernous segment, and into the intermediate lobes between the front and rear lobes at one-third of the junction. A total of 90% of the arteries entered the ascending and descending branches, thereby forming the artery rings with the corresponding arteries and superior hypophyseal artery with the same name above and below the pituitary gland to constitute the pituitary-portal system. This system was the major supply of the posterior pituitary and pituitary stalk ( Figure 2D ).
DISCUSSION
Diabetes insipidus after surgery involving the saddle area can occur regardless of the choice of surgical approach, but this disease is directly related to vascular injury caused by the surgical approach. Direct damage to the hypothalamuspituitary stalk-posterior lobes of the pituitary should be avoided. The hypothalamus (mainly the supraoptic and paraventricular nuclei)-pituitary stalk-neural pituitary axis is the structural basis for AVP synthesis, transport and release. Any damage to these structures can cause central diabetes insipidus, and injury to vascular factors account for a large proportion of disease occurrence (18, 25) . During operation, trauma and general ailments are caused by spasm of the vessels supplying the hypothalamus-pituitary stalkposterior lobes axis. Damage in the corresponding area may result in ischemia and infarction. Injury may affect the release of antidiuretic hormone AVP, thereby resulting in diabetes insipidus. Anatomical analysis of the blood supply to hypothalamus, pituitary stalk and neurohypophysis revealed that the blood vessels in this area could be classified into three groups: (1) the former group comprised perforating arteries near the communicating artery; (2) the outside group comprised perforating arteries from the superior hypophyseal artery and PCoA; and (3) the below group comprised the perforating arteries from the inferior pituitary artery of the cavernous segment for the ICA. (23) . The deterioration of the visual acuity of patients was mostly associated with different degrees of central diabetes insipidus, which was possibly related to blood supply disorders of the hypophyseal artery. The deficiency in the reasonable use of anatomical spaces and improper surgery could induce vasospasms because of excessive stretching of these perforating arteries and prolonged exposure. Ischemia disrupts AVP synthesis in the hypothalamic paraventricular nucleus and supraoptic nucleus.
The hypophyseal artery is an important branch of the ICA cavernous segment that occurs in 80% to 100% of people (8). This artery occurred in 100% of the samples in the current study. In most cases, the arteries originate from the meningeal pituitary trunk after the bend of ICA. Some arteries directly start after the ascending part or bend of ICA, and pass through the intermedial space of the cavernous sinus to the forward and inside line. Subsequently, these arteries branch and ascend to the middle and lower parts up to onethird of the junction in the middle area located between the before and after pituitary outside lobes. The arteries join the contralateral and upper hypophyseal arteries at the upper and bottom parts of the pituitary gland into the arterial ring. Three groups of branches start from the arterial ring: (1) the group that goes directly into the posterior lobe of the branch; (2) the group that goes into the pituitary cyst branch; and (3) the group that goes into the main trunk of the artery among the lobes, which constitute the pituitary portal system. The selective injection of contrast performed by Leclercq
